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Methods. We used multiparameter flow cytometry to characterize leukocyte immunophenotypes in skin and peripheral blood from 23 patients with secondary syphilis and 5 healthy control subjects recruited in Cali, Colombia. Dermal leukocytes were obtained from fluid aspirated from epidermal suction blisters raised over secondary syphilis skin lesions.
Results. Compared with peripheral blood (PB), blister fluids (BFs) were enriched for CD4 + and CD8 + T cells, activated monocytes/macrophages, and CD11c + monocytoid and CD11c Ϫ plasmacytoid dendritic cells (mDCs and pDCs, respectively). Nearly all mDCs in BFs expressed the human immunodeficiency virus (HIV) coreceptors CCR5 and DC-specific intercellular adhesion molecule 3-grabbing nonintegrin (DC-SIGN) and high levels of human leukocyte antigen (HLA)-DR. Dermal pDCs expressed both HIV coreceptors without increases in HLA-DR intensity. Compared with normal blood, circulating mDCs in patients with syphilis expressed higher levels of both CCR5 and DC-SIGN, whereas circulating pDCs in patients expressed only higher levels of DC-SIGN. Most dermal T cells were CCR5 + and displayed a memory (CD27 + /CD45RO + ) or memory/effector (CD27 Ϫ /CD45RO + ) immunophenotype. A corresponding shift toward memory and memory/effector immunophenotype was clearly discernible among circulating CD4 + T cells. Compared with PB from control subjects, a larger percentage of CD4 + T cells in PB from patients with syphilis expressed the activation markers CD69 and CD38. Conclusions. During secondary syphilis, T. pallidum simultaneously elicits local and systemic innate and adaptive immune responses that may set the stage for the bidirectional transmission of HIV.
Syphilis is a chronic inflammatory disorder caused by the sexually transmitted spirochetal pathogen Treponema pallidum [1] . The inability to cultivate T. pallidum in vitro, coupled with the lack of a suitable inbred animal model for immunological studies, has greatly hindered efforts to elucidate the basic immunobiological aspects of syphilis. As a consequence, many questions remain unanswered about the biological characteristics of the spirochete-most importantly, why T. pallidum can persist for extended periods in tissues, despite evoking vigorous cellular and humoral immune responses [1] . Venereal syphilis also is well recognized as a risk factor for the transmission of HIV [2] . Evidence has suggested that the epidemiological synergy between syphilis and HIV infection is due not only to the association of shared high-risk behaviors or the breakdown of the epithelial barrier associated with genital ulcers [3] but also to the ability of T. pallidum and its constituent lipoproteins to activate immune cells that are likely to be present in syphilitic genital lesions [4] [5] [6] [7] .
Early studies of systemic cell-mediated responses to T. pallidum in humans often led investigators to conclude that cellular immunity is suppressed during early syphilis [8, 9] -a viewpoint that is clearly at odds with the histological abnormalities that characterize syphilitic lesions [10] . Much of our understanding about the importance of cellular immunity during early syphilis evolved from studies in the rabbit model. First, T. pallidum has been shown to induce the antigen-specific proliferation of splenic and lymph-node T cells harvested within days of infection and to maintain this high proliferative responsiveness for many weeks to months [11, 12] . Second, the appearance of T. pallidum reactive lymphocytes correlates with the progression of mononuclear cell infiltration and activated macrophages at the site of inoculation [13] [14] [15] . Last, during acute infection, high levels of interleukin (IL)-2 and interferon (IFN)-g and low levels of IL-10 transcripts have been obtained from rabbit splenocytes incubated with treponemal sonicates or recombinant proteins [12] . Although the cellular immune response is less well understood in humans with early syphilis, available data generally support findings from the rabbit model. Immunocytochemical and reverse-transcription polymerase chain reaction analysis of biopsy specimens from primary and secondary syphilis lesions has revealed that, as in the rabbit, early syphilis infiltrates contain large numbers of macrophages and T cells and that they express mRNA for the Th1 cytokines IL-2, IFN-g, and IL-12 [16, 17] . Interestingly, the relative proportion of CD4 + and CD8 + T cells in tissue has been reported to shift from a CD4 + predominance in chancres to a CD8 + preponderance in secondary lesions [18, 19] . The latter finding is open to question, given that cytotoxic T cells are usually not associated with the immune response to extracellular pathogens, such as T. pallidum. Two groups have analyzed circulating T cell immunophenotypes in early syphilis using flow cytometry [20, 21] . In both studies, a mild decrease in the overall percentage of CD4 + T cells, with a proportional increase in CD8 + T cells, was seen. The significance of these alterations remains unclear. It is evident that the studies described above have provided only a bare outline of the local and systemic cellular immune response in humans with early syphilis. In the present study, we used our previously described blister fluid (BF) methodology [4, 7, 22] , in conjunction with multiparameter flow cytometry, to better characterize the responses elicited in blood and skin by T. pallidum in HIV-seronegative individuals with secondary syphilis. Here, we confirm previous reports that skin lesions are composed mostly of CD4 + and CD8 + T cells, activated macrophages, and dendritic cells (DCs) [18, 19, 23] but not a predominance of CD8 + T cells. We also show that lesional T cells and DCs express CCR5, the coreceptor for sexually transmitted, M-tropic strains of HIV-1 [24] and a key chemokine receptor for leukocyte trafficking into inflamed skin, and DC-specific intercellular adhesion molecule 3-grabbing nonintegrin (DC-SIGN), a member of the C-type lectin family involved in DC-T cell interactions and the transmission of HIV [25] . Additionally, we provide evidence of systemic T cell activation and differentiation and the prominent involvement of memory and memory effector CD4 + T cells during secondary syphilis. Taken as a whole, our results demonstrate that, during the course of early syphilis, T. pallidum has the ability to elicit coordinated innate and adaptive immune processes in blood and tissue. In addition, the resulting high level of HIV coreceptor expression in tissue-based T cells and DCs and of circulating CD4 + T cells creates an environment optimal for the bidirectional transmission of HIV.
SUBJECTS, MATERIALS, AND METHODS
Study subjects. The institutional review boards of both the University of Connecticut Health Center and Centro Internacional de Entrenamiento e Investigaciones Médicas approved the study. Informed, written consent was obtained from all 23 patients with syphilis and from 5 healthy control subjects enrolled in Cali, Colombia. Patients were identified and referred for enrollment by health care professionals from a citywide sexually transmitted disease clinic network. The diagnosis of secondary syphilis was based on a compatible history, the appearance of the skin lesions, and the results of nontreponemal and treponemal tests. Subjects (including control subjects) were excluded if they were known to be HIV positive, were receiving anti-inflammatory medications, had recently used antibiotics or immunosuppressive medications, had a history of a chronic dermatitis (i.e., eczema or psoriasis), or had other underlying acute or chronic disease. At study entry, all subjects provided baseline demographic characteristics and relevant clinical and epidemiological information by means of a standardized questionnaire. All subjects had a complete physical examination performed by a study dermatologist (A.R.C. or R.T.); both are well versed in the recognition of the manifestations of secondary syphilis. Peripheral blood (PB) was drawn for a complete blood count with differential, erythrocyte sedimentation rate, and serological tests for HIV and syphilis. This was followed, when feasible, by the elicitation of blisters over secondary syphilis lesions. All patients with syphilis received U of 6 2.4 ϫ 10 intramuscular benzathine penicillin therapy, in accordance with Centers for Disease Control and Prevention treatment guidelines [26] . Patients who underwent the BF procedure were asked to return the following day for aspiration of blisters.
Serological assays. The serological tests for syphilis used were the rapid plasma reagin card test and the fluorescent treponemal antibody test absorbed. HIV ELISA serum tests were done using a standard methodology. All serological tests were performed at a reference laboratory in Colombia (Clinica Colsanitas).
Elicitation of epidermal blisters. Epidermal blisters were elicited over syphilitic lesions as described elsewhere [4, 7, 22, 27] by the application of mild suction (200 mm Hg) through acrylic cups (5 blisters/cup) applied to the skin surface and gentle warming with a 125 W infrared lamp for 2 h. Two or 3 suction cups were applied over skin lesions, depending on the location and size of the lesions. Fluid was aspirated from each blister (5 blisters/cup) within 24 h, and samples were pooled together for flow-cytometric analysis. Six patients had secondary lesions that were not amenable to blistering. We did not raise blisters over genital lesions because of both ethical and technical considerations. Blisters were not raised over unaffected healthy skin from healthy volunteers, because, in our experience, the cellular infiltrate obtained is so sparse that flowcytometric analysis is not feasible [22] .
Cell staining and flow cytometry. Erythrocyte-depleted leukocytes from PB and BF were prepared for flow-cytometric analysis using antibody panels, as described elsewhere [4, 7, 22] . A minimum of 50,000 events was collected for each staining panel performed in BF and/or PB. The high yield of cells obtained from PB, as opposed to that from BF, enabled us to examine circulating cells with more antibody panels than could be applied to skin-derived leukocytes. We therefore had to devise a strategy to sequentially perform specific panels in order of relevance to our primary objectives. We moved on to the next panel once a minimum of 5 patients with syphilis had completed each panel.
Statistical analysis. Statistical analysis was performed using GraphPad Instat software (version 3.06, 32 Bit for Windows; GraphPad Software). The Wilcoxon matched-pairs test was used to compare the median percentage of cells expressing each cell surface receptor studied between PB and BF from patients with secondary syphilis. Likewise, the Mann-Whitney U test was used to compare PB from patients with syphilis with PB from 5 healthy Colombian volunteers. All tests were 2-tailed, and was considered to indicate significance. P р .05
RESULTS

Patient enrollment and clinical data.
We enrolled 31 patients, and 23 met final inclusion criteria. Two subjects (2/31) were excluded because of a previously undiagnosed HIV infection. As indicated in table 1, the mean age of subjects analyzed was 42 years (range, 19-51 years), and the male:female ratio was 1:1.6. Most subjects had minimal constitutional symptoms, and none reported fever. Although dermal lesions were universally distributed, hyperkeratotic plaques and macules on palms and soles were the most common dermatological finding. Two patients had alopecia with the classic "moth-eaten appearance," and 2 women had multiple genital ulcers in addition to skin lesions. Most of our patients (20/23) had lymphopenia, and 3 had anemia (hemoglobin level, !11.0 g/dL). The lymphopenia was corroborated by flow-cytometric analysis and affected both CD4 + and CD8 + T cell counts without altering their ratio. Lymphopenia has been reported elsewhere in secondary syphilis [21, 28] . For those patients who were seen at follow-up 4-6 weeks later, the lymphocyte values in PB returned to normal (19.9% vs. 27.3%; ), which indicates that P p .001 this anomaly was directly related to the disease process.
Cellular elements of innate and adaptive immunity in secondary syphilis skin lesions. Yields from secondary syphilis lesion BFs averaged cells (range, -
1.9 ϫ 10 5 ϫ 10 5 ϫ 10 cells). As shown in figure 1, dermal mononuclear cell infiltrates contained T cells, monocytes/macrophages, and DCs but were virtually devoid of B cells. Dermal infiltrates contained very few plasma cells (0.03%) and many granulocytes (61.1%). Monocytic cells from infected skin were larger and more granular according to forward and side scatter than their circulating counterparts and expressed higher levels of CD14 (306.1 vs. 240.5 mean fluorescence intensity, ), indicating that they P ! .05 had differentiated into macrophages. The proportions of CD4 + , CD8 + , and gd T cells obtained from skin were very similar in both BF and PB (data not shown), indicating no selective recruitment of any one subset into the skin. These findings contrast with previous observations made using immunocytochem- ical techniques, which indicated that CD8 + T cells are the predominant lymphocyte in secondary syphilis infiltrates [18, 19] .
Recruitment and activation of 2 DC subsets in both PB and skin during secondary syphilis. DCs are bone marrow-derived professional antigen-presenting cells (APCs) that initiate specific cellular immune responses [29] . Two subsets-CD11c + monocytoid and CD11c
Ϫ plasmacytoid DCs (mDCs and pDCs, respectively)-have been characterized in blood and tissues on the basis of CD11c expression [30, 31] . Both subsets were proportionately recruited from PB into skin (median percentage of CD11c + DCs, 67.2% in PB vs. 53.64% in BF; ). The P p .6 median HLA-DR level quantified on dermal mDCs was 10 times higher ( ) than that on circulating mDCs; by P p .004 contrast, pDCs did not show any increases in HLA-DR levels ( ). We then examined DCs for surface expression of P p .9 CCR5 and DC-SIGN ( figure 2) . The large majority of skinderived mDCs and approximately half of all circulating mDCs expressed CCR5; both median percentages from patients with syphilis were statistically higher than those in PB from control subjects. As with mDCs, pDCs in BF were predominantly CCR5 + ; however, the median percentage of CCR5 + pDCs in PB from patients with syphilis did not differ from that in PB from control subjects. The preponderance of skin-derived mDCs expressed DC-SIGN, as did a significant number of circulating mDCs. DC-SIGN surface expression was also higher in both PB-and BF-derived pDCs, and the median percentage of pDCs expressing this molecule in PB from patients with syphilis was also statistically higher than that in PB from healthy control subjects.
Biased memory/effector T cell subsets in the skin and PB from patients with secondary syphilis. We next sought to better define the immunophenotypes of the infiltrating T cell subsets and their counterparts in PB (table 2). The majority of dermal T cells, CD4 + and CD8 + , expressed CCR5. Although the median percentage of CD4 + T cells expressing CCR5 was considerably lower in PB from patients with syphilis than that in skin, it was significantly greater than that in PB from control subjects. By contrast, CCR5 expression by circulating CD8 + T cells from patients and control subjects did not differ. Also noteworthy was that, for skin-derived CD4 + and CD8 + T cells, CCR5 mean fluorescence intensity levels were significantly greater than those in PB-derived T cells (data not shown), indicating that the cutaneous milieu was not just attracting CCR5 + T cells but also inducing increased expression of this chemokine receptor. CCR5 is known to be a marker for memory T cells [32] ; in this regard, it is worth noting that, in all instances, CCR5 expression was confined almost exclusively to cells expressing CD45RO (indicative of a memory immunophenotype). As another means to distinguish T cells, we doubly stained them for the expression of CD27 and CD45RO-surface markers commonly used to distinguish the naive from the antigen-experienced T subset [33] . There was an unambiguous bias in skin-derived CD4 + and CD8 + T cells toward the memory (CD27 + /CD45RO + ) and memory/effector (CD27 Ϫ /CD45RO + ) immunophenotypes. Interestingly, a shift toward the memory and memory/effector subsets also was observed for circulating CD4 + , but not CD8 + , T cells in PB from patients with syphilis. These results provide indirect evidence that CD4 + T cells are newly sensitized in response to the infection. To confirm this notion, we examined circulating T cells for the expression of CD27 and CD28. During T cell differentiation, the down-regulation of CD28 precedes that of CD27 [33] ; thus, a decrease in the percentage of CD27 + /CD28 + cells would be expected when large numbers of newly sensitized T cells are being released into the circulation. Consistent with this prediction, compared with control subjects, the median percentage of 
. Expression of dendritic cell (DC)-specific intercellular adhesion molecule 3-grabbing nonintegrin (DC-SIGN) (A) and CCR5 (B) on the surface of CD11c
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+ cells was significantly lower ( ) within the CD4 + / P p .04 CD27 + subset, whereas a comparable down-regulation was not observed among the corresponding CD8 + subset.
Evidence of T cell activation in PB.
To extend the T cell differentiation data presented above, we also stained PB for markers indicative of systemic T cell activation (table 3) . Compared with control subjects, the mean percentage of circulating memory (CD45RO + ) CD4 + T cells expressing CD69 was statistically higher ( ) in patients with syphilis, whereas a P ! .05 comparable change was not seen for CD8 + T cells. CD38, another early activation marker, was likewise increased only on CD4 + HLA-DR Ϫ T cells ( ). HLA-DR, on the other hand, P ! .05 was not elevated in either subset.
DISCUSSION
Over the past 3 decades, evidence has emerged about the importance of innate and adaptive cellular immune responses in the immunopathogenesis of syphilis [1] . The adaptive component was first documented in the late 1970s and early 1980s with the publication of a series of experiments in the rabbit model showing that the replication of treponemes at the inoculation site elicited an intense inflammatory response resembling a classic delayed-type hypersensitivity reaction [34, 35] . Investigators also showed that the production of opsonic antibodies is essential for clearance of the bacterium from infected tissues [34, 36] . Immunohistochemical analysis revealed that syphilitic lesions in humans also contained cellular elements associated with adaptive immunity; including Th1 cytokineproducing T cells [16, 17] . More recently, the contribution of innate responses to lesion development and resolution during syphilis was studied using both in vitro and in vivo model systems [1] . Several groups have established that spirochetal lipoproteins and/or synthetic lipopeptides are capable of activating macrophages and DCs via CD14 [37] [38] [39] [40] and Toll-like receptor (TLR) 1/TLR2-dependent signaling pathways [38, 39, [41] [42] [43] ; consequently, these pathogen-associated molecular patterns are now believed to be the major proinflammatory agonists during spirochetal infection [44, 45] . In the present study, we used our previously described suction-blister model to characterize the complex interplay of innate and adaptive cellular responses elicited by T. pallidum in skin and blood from patients with secondary syphilis, the stage of the disease with the most exuberant local and systemic clinical manifestations. Because primary and secondary syphilis lesions are very similar histopathologically [16] , it is reasonable to infer that findings in secondary skin can be extrapolated to the inflammatory processes elicited by spirochetes in genital ulcers.
We have previously shown that lipopeptides administered intradermally have the capacity to recruit to skin a complex mixture of cellular elements associated with innate and adaptive immunity, including neutrophils, monocytes/macrophages, DCs, and CD4 + and CD8 + T cells with memory and/or memory effector immunophenotypes [4, 7] . Here, we have shown that syphilitic dermal infiltrates have an overall similar cellular composition to those in lipoprotein injected tissues, thereby further supporting our contention that the inflammatory milieu es- tablished by spirochetal lipoproteins is a principal driving force for immune cell recruitment to T. pallidum-infected tissues. From the standpoint of innate immunity, we have confirmed previous findings that macrophages are indeed activated within syphilitic lesions [1] and, in conjunction with opsonic antibodies, are likely to be the effectors of spirochetal clearance [45] . As was previously demonstrated for erythema migrans lesions in patients with Lyme disease (LD) [22] and lipopeptideinjected skin [4, 7] , both mDCs and pDCs were also present in syphilitic skin lesions. The presence of pDCs is noteworthy, because this DC subset has generally been associated primarily with antiviral immunity [30, 46] , and it is not well recognized for its capability to traffic into inflamed peripheral sites, including skin [31] . Our finding that pDCs did not up-regulate HLA-DR at the site of infection is consistent with in vitro studies demonstrating that they are less able to function as APCs [30] than are mDCs, and it implies that their primary function in syphilitic lesions is not antigen presentation. On the other hand, pDCs did express higher levels of CCR5 and DC-SIGN than their counterparts in PB, indicating that they were responding to the inflammatory milieu either directly, as has been previously shown for HIV infection [46] , or as a bystander effect. Their precise function has yet to be determined and needs further investigation. Superimposed on the innate response is the presence of large numbers of CCR5 + , memory and memory/effector, CD4 + , and CD8 + T cells that have entered a local environment replete with macrophages and mDCs. This inflammatory setting is highly favorable for secondary activation of T. pallidum-reactive T cells.
One of the most significant findings in our study is the extent of the immunological alterations seen in PB from patients with secondary syphilis. Similarly to the skin, although not as intensely, approximately one-third of circulating mDCs and pDCs expressed CCR5 and DC-SIGN. These findings suggest that the "danger signal" resulting from spirochetal dissemination triggers a systemic up-regulation of innate immune cells. With respect to adaptive immunity, immunophenotype modifications were elicited primarily for circulating CD4 + T cell subsets (see tables 2 and 3), which are associated with exogenous antigen presentation-a finding that is not surprising, given that T. pallidum is found almost exclusively extracellularly. Our results are also consistent with a model of linear T cell demarcation in which newly sensitized T cells differentiate into memory, memory/effector, and effector subsets as they circulate and traffic to sites of infection (i.e., skin) where they can interact with their cognate treponemal antigens. According to this notion, as the disease evolves from primary to secondary syphilis, it is likely that there will be progressive antigen sensitization of T cells that eventually gain the upper hand against the invading spirochete. This process in conjunction with a broadening humoral response has the potential to confer increasing degrees of resistance against reinfection. Nevertheless, additional experiments need to be done to show that CD4 + T cells are in fact specific for T. pallidum during early syphilis. Interestingly, many of our patients had lymphopenia without demonstrable modifications in the percentages of CD4 + and CD8 + T cells. In a previous report, similar degrees of lymphopenia were thought to be the result of Fas-mediated apoptosis [21] . Alternatively, lymphopenia may be the result of massive T cell recruitment into inflamed organs and tissues, such as the skin. This finding deserves confirmation and further analysis. Finally, our results also help us to identify a number of points at which syphilis and HIV could interact at the cellular level in tissues and blood. As previously mentioned, resident and recruited mDCs and pDCs in skin were shown to express high levels of 2 key HIV coreceptors, CCR5 [24] and DC-SIGN [25, 47] . Activated DCs, which express high levels of CCR5 and DC-SIGN, could become infected or more effectively capture HIV in tissue via gp-120, respectively, and then migrate to regional lymph nodes where they may transmit the virus to CD4 + naive T cells [25] . Likewise, the abundance of CCR5 + CD4 + T cells in tissues could facilitate the direct infection by HIV without needing DCs or macrophages [48] . Additionally, increased expression of CCR5 and DC-SIGN in circulating DCs and the striking shift of CD4 + T cells expressing CCR5 within the memory (CD45RO + ) immunophenotype has the potential to generate an environment in PB that is highly conducive to HIV transmission [49] . Finally, CD4 + T cell activation, may contribute to a more rapid CD4 + T cell decline, as has been seen in the context of other HIV coinfections [50] .
In conclusion, our findings provide strong evidence that, during the course of secondary syphilis, T. pallidum induces a potent innate and adaptive cellular immune response in both skin and PB. Although this inflammatory response promotes clearance of the spirochete and may ultimately lead to some degree of resistance, at the same time it has the potential to create an environment optimal for the bidirectional transmission of HIV.
